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Abstract
Ordered nucleic acid in an icosahedral virus was first visualized in the X-ray structure of the Picorna-like plant virus, Bean pod mottle
virus (BPMV). Virus particles containing the 3500 nucleotide segment of the BPMV bipartite RNA genome (middle component) had nearly
20% of the genome ordered. Here we report the refined structures of the middle component, bottom component (particles containing the
5800 nucleotide segment of the genome), and top component (empty particles of BPMV capsid protein). The bottom component particles
contain ordered RNA in the same location as middle component. Although the ordered RNA density in both nucleoprotein particles is the
average of the contents of 60 icosahedral asymmetric units, both nucleoprotein components show that the base density for the first two
nucleotides is predominantly purine, while the next five appear to be predominantly pyrimidine. The empty capsid demonstrates that RNA
dictates the order of the N-terminal 19 residues of the large subunit because these residues are invisible in the top component.
© 2003 Elsevier Inc. All rights reserved.
Introduction
Bean pod mottle virus (BPMV) belongs to the Comovi-
rus family, a group of plant icosahedral viruses with ge-
nomes formed by two single-stranded, positive-sense RNA
molecules. Each of the BPMV RNA molecules is separately
encapsidated in isometric particles. The viral capsid is
formed by two polypeptides that fold into three jelly-roll -
sandwiches forming pseudo T  3 (P  3) quasisymmetry
(Rossmann and Johnson, 1989; Lomonossoff and Johnson,
1991). The replication strategy and structures of Comovi-
ruses are similar to Picornaviruses and a group of insect
Picorna-like viruses (Lin et al., 1999; Tate et al., 1999).
However, with all the available structures of these Picorna-
like viruses, BPMV is the only one with a genome that can
be studied by X-ray crystallography in association with its
capsid. The availability of the empty capsid and two nu-
cleoprotein particles in BPMV offers a novel opportunity to
correlate the contribution of both RNA and protein in the
assembly and stability of the virion.
Based on differences in RNA content, Comoviruses can
be separated into well-defined bands by sucrose gradient
analysis (Lomonossoff and Johnson, 1991). The virus par-
ticles containing RNA1 (5800 nucleotides) sediment most
rapidly and are called bottom (B) component. The middle
(M) component contains RNA2 (3500 nucleotides) and the
top (T) component contains no RNA (empty capsids). The
first BPMV structure was determined from the M compo-
nent to 3 Å resolution (Chen et al., 1989). Crystallographic
studies of two other Comoviruses, Cowpea mosaic virus
(CPMV) and Red clover mottle virus (RCMV), showed no
ordered RNA (Lin et al., 1999, 2000). Here we report the
structural studies of two additional components of BPMV,
B and T components, as well as the refined structure of
BPMV M component to 2.8 Å resolution. Based on the
RNA structure in association with the capsid, a model of
RNA packaging during virus assembly is proposed.
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Fig. 1. The structure of Bean pod mottle virus. (A) Ribbon diagram of the
capsid. The A domain is in blue, the B domain is in red, and the C domain
is in green. There are blunt protrusions around fivefold axes due to the
radial orientation of A domain - sandwiches. (B) A schematic diagram of
the capsid with symmetry elements labeled. The pentagon represents the
fivefold axis; triangles represent threefold axes and oval is for twofold axis.
B5 indicates that the subunit is the fivefold-related B domain. The asym-
metric unit is framed, which comprised A, C, and B5 domains. (C)
Stereoview of the asymmetric unit from the exterior. The N-terminal
portion of the C2 domain (twofold related C domain) is also shown in cyan.
The N-terminus of C2 domain is sandwiched between the ordered RNA
and the C domain. The ordered RNA is drawn as ball-and-stick in black.
The oval represents the twofold symmetry. A and C were prepared with
MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt and Bacon, 1997).
Fig. 2. Electron density for the RNA. (A) Stereo view of the M component.
The ordered RNA model is in ball-and-stick. The carbon atoms are in
black; the nitrogen atoms are in blue; the oxygen atoms are in red; and the
phosphorous atoms are in magenta. The model of protein is not drawn. The
density for the B component is very similar to that of the M component. (B)
Electron density of the first nucleotide and interacting water molecules
shown via the position of their oxygen atoms, which is best modeled as
adenosine. Guanosine fits the density, but not the interactions with water
molecules. (C) Electron density of the second base modeled as guanosine.
(D–G) The third to sixth nucleotides modeled as uridines (D, F) and
cytosines (E, G). The electron densities are contoured at 1. The figure was
prepared with Bobscript (Esnouf, 1997).
Fig. 4. RNA in the viral capsid. Trefoils of the RNA superimposed on the
electron density viewed from the exterior. The electron density in gray
scale and semitransparent is calculated to 20 Å. RNA trimers are drawn as
CPK models. The carbon atoms are in black; oxygen and phosphate atoms
are in red, and nitrogen atoms are in blue. The ribbon diagram of one of the
protein trimers is also shown.
Fig. 5. Difference electron density computed with (Fmid  Fempty)ei(mid)
as the coefficients for Fourier synthesis. The twofold-related dimers of
RNA, B, and C domains are superimposed with the difference electron
density map. The N-terminus of the C domain is in interaction with the
twofold-related RNA. Oval represents the twofold symmetry. The refer-
ence C domain is drawn in green, while the twofold-related C domain (C2)
is in cyan. The arrows indicate the main body of the C domains and their
N-termini in association with the electron density.
27T. Lin et al. / Virology 314 (2003) 26–33
Results and discussion
Refined structure of M component
The BPMV particle is formed by 60 copies of two
polypeptides, the large (L) and small (S) subunits. The
particles have a distinctive surface morphology in the elec-
tron microscope, displaying significant protrusions at the
fivefold axes (Fig. 1). Each asymmetric unit contains three
protein domains, labeled A, B, and C, reflecting their sim-
ilarity in location to subunits that form capsids with T  3
quasisymmetry. However, unlike in a T  3 surface lattice,
the three domains are of different sequence and the Como-
or Picornavirus lattice is called pseudo T  3 or P  3
symmetry (Rossmann and Johnson, 1989). The A domain is
formed by the S subunit, while B and C subunits are of L
subunit origin. The C domain is the N-terminal portion of L,
while the B domain is the C-terminal portion. The connec-
tivity between the C and B domains show that the A, C, and
B5 domains define the asymmetric unit (Fig. 1). In contrast,
the A, B, and C domains are typically assigned as the
asymmetric unit of a T  3 virus. All three domains are
folded as jelly-roll -sandwiches, with A domains clustered
around fivefold axes, and C and B domains alternatively
packed around the threefold axes. The A domain is a non-
standard viral jelly-roll -sandwich with five strands on
each side instead of four as in a canonical virus -sandwich.
The extra strands (C and C strands) are inserted be-
tween C and D strands and lie on top of the -barrel. The
A domains have the long axes of the -sandwiches nearly
radial to the particle. Pentamers of A domains form the
protrusions at the fivefold axes (Lin et al., 1999). The
narrow end of the A domain sandwich is at the outer tip,
making the pentameric protrusions cone shaped with a flat
top. In contrast, the long axes of the B and C -sandwich
domains are roughly tangential to the sphere, making the
regions near the three-fold axes nearly flat. The subunits are
strikingly modular with interdomain interactions occurring
between surfaces of the sandwiches. Only one region exists
where the polypeptide chain of one domain invades the
space of another. The N-terminus of the L subunit of the C
domain extends to the neighboring B domain, then to the C2
domain. The N-terminal three residues of the C domain
interact strongly with the ordered RNA that lies in the cleft
of the C2 domain (described below). The dihedral angles
between the subunits conform to those seen in T  3
quasisymmetry lattices that have the shape of a rhombic
triacontahedron (e.g., Southern cowpea mosaic virus
(SCPMV) and Tomato bushy stunt virus). The C/B5 contact
is bent, while the C/B2 interface is flat in BPMV. The
difference in morphology between BPMV and SCPMV
results from the radial orientation of A domains in BPMV,
while it is roughly tangential in SCPMV and other particles
with this shape.
The refined model of one icosahedral asymmetric unit of
BPMV contains 555 amino acid residues (370 for the L
subunit and 185 for the S subunit), 6 nucleotides, and 191
water molecules. The last 4 genome-encoded residues in L
and last 13 encoded residues in S subunits are not visible in
the electron density map. The C-terminal residues in the S
subunit of CPMV were proteolytically degraded before
crystallization (Lin et al., 1999; Kridl and Bruening, 1983).
An R factor of 19.6% was computed between the model and
the diffraction data between 10 and 2.8 Å resolution (I/ 
2). Although the overall BPMV capsid structure is similar to
that of CPMV (Lin et al., 1999) and RCMV (Lin et al.,
2000), the N-terminus of the BPMV S subunit is three
residues shorter than the other two. Consequently, it cannot
form the -annulus around the fivefold axis and is folded in
a different direction (Lin et al., 2000).
Structure of the ordered RNA in the M component
A large cleft is formed between the B5 and C domains of
a single L subunit. Unlike other structures of Picorna-like
viruses determined to date, this cleft in BPMV is occupied
by six well-defined ribonucleotides (labeled NA1 to NA6)
of the single-stranded RNA genome (Figs. 1C and 2). The
density is comparable to, but not connected to, the protein
capsid. With clearly identified positions for phosphate,
sugar, and the bases, the polarity of the RNA is defined. The
5 end of the ribonucleotide extends toward the A subunit,
while the 3 end extends around the threefold axis. The
height of the density indicates nearly full occupancy of the
60 equivalent positions. The electron density is consistent
with a nonrandom sequence of bound nucleotides. NA1 is
probably an adenine, based on its density and interactions
with water molecules, while NA2 is a purine. Pyrimidine
rings readily account for the base density of NA3 to NA5.
The base density in position 6 is not well defined and can
only accommodate a five member ring (Fig. 2). The domi-
nant nucleotide sequence defining the electron density is
APuPyPyPyX. The interaction of this nucleotide sequence
with the capsid appears specific and is reminiscent of the
structure of bacteriophage MS2 in association with its op-
erator (Valegard et al., 1994). There is a distinction, how-
ever, as the MS2/operator complex was generated by dif-
fusion of the specific oligonucleotide of the operator
sequence into virus-like particles and the same oligonucle-
otide occupied all 60 equivalent positions in the capsid. In
native MS2, however, only one of the 60 positions was
occupied. The presence of a dominant nucleotide sequence
visible in the electron density suggests that there is a con-
sensus sequence distributed in the viral genome and that this
repeating sequence may serve as the encapsidation signal
for RNA packaging and virus assembly.
The nucleotide strand is helical with base stacking de-
spite being single-stranded. There are many interactions
with the capsid as shown in Fig. 3 and listed in Table 1. The
bases of the first two nucleotides, NA1 and NA2, interact
predominantly with the capsid protein, although water mol-
ecules mediate many of these interactions. The interactions
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of NA4–NA6 are associated with the ribose and phosphate
moieties, also mainly mediated by water molecules (Figs.
1C and 3). This interaction orders the first 19 residues of the
N-terminus of the L subunit as shown in the structure of T
component which contains no RNA (see below).
This is not the first observation of water-mediated inter-
actions between protein and nucleic acid. In crystallo-
graphic studies of trp repressor/operator complex, six wa-
ter-mediated interactions were identified between the
protein and the phosphate groups of DNA. This pattern of
interaction did not explain the specificity of the interaction.
It was proposed that the conformation of the nucleic acid
was the determinant in the interaction, while the entropic
cost of water-mediated interactions between protein and
DNA was compensated by the free energy gained from the
formation of hydrogen bonds in an “indirect readout” mech-
anism (Otwinowski et al., 1988). Lawson and Carey (1993)
however argued that the reinforcing patterns of the water-
mediated interactions were sufficient to mediate the specific
interactions. Measurement of the half-life of water mole-
cules indicated there was no “ordered” water molecules
involved in the interactions and the direct nucleic acid/
protein interactions determined the specificity (Zhang et al.,
1994) in a “direct readout” fashion despite the presence of
water molecules in the crystal structures (Youderian and
Arvidson, 1994). In the structure of the purine repressor
(PurR) complex, a dimeric DNA-binding protein, a water-
mediated interaction was one of the major contributors to
specificity in binding the corepressor guanine and the bound
water mediating the interaction was considered to be an
extension of the protein (Schumacher et al., 1997). The
water-mediated interactions in BPMV share similarities to
both trp repressors complexes, in NA4 to NA6, and to PurR
complexes, in NA1 and NA2 (Figs. 2B and 3), which
suggests that the RNA-capsid interaction is specific.
The overall backbone stereochemistry of the six ribo-
nucleotides approximates that found in one strand of an
A-type RNA duplex. The details of the geometry though are
different. The angles and rise between nucleotides are listed
in Table 2: Of note are the twist angles between NA1 and
NA2 (59°) and between NA2 and NA3 (35°). The rest of the
helical twist angles for the polyribonucleotide are 45°. The
Fig. 3. Interactions of the ordered RNA with the protein capsid. The bases
of the first two nucleotides point toward the capsid and interact with the
capsid through water molecules. The bases of the fourth, fifth, and sixth
nucleotides point toward the interior and interact with residues from the C2
domain with the ribose and phosphate moieties. The first two nucleotides
appear to define specific interactions with the capsid protein. The nonspe-
cific interactions of NA4 to NA6 mostly involve the N-terminus of the C2
domain. The first numbers for the amino acid residues are the identifiers for
the polypeptide chains (1 for the S subunit and 2 for the L subunit). C2
indicates that the residues are from the twofold-related C domain.
Table 1
Interactions between RNA and protein capsid
Nucleotide Interacting group Dist. Interacting
group
Residue or
water
NA1 (A) N1 (base) 2.8 O H2O4112
NA1 (A) N3 (base) 3.1 O H2O4187
NA1 (A) N6 (base) 2.9 O H2O4113
NA1 (A) N6 (base) 3.0 O H2O4114
NA2 (G) N2 (base) 3.0 O H2O478
NA2 (G) N7 (base) 2.6 O H2O4185
NA4 O2P (phos) 2.8 O Ser2126
NA4 O2’ (ribose) 2.8 O H2O4146
NA5 O2P (phos) 2.9 O Thr23 (C2)
NA5 O1P (phos) 3.1 O H2O4145
NA6 O1P (phos) 2.6 N Lys27 (C2)
NA6 O1P (phos) 2.7 O H2O4145
Table 2
Geometries of the ordered nucleotides
Rise (Å) Angle (°)
NA1–NA2 3.5 59
NA2–NA3 3.5 35
NA3–NA4 3.6 45
NA4–NA5 3.8 45
NA5–NA6 3.6 45
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rise per residue is about 3.5 Å. In comparison with an
A-type RNA helix which has a twist angle of 30° and a
rise per residue of 2.6Å, the single strand of viral RNA is
wound tighter. The helical repeat distance of this RNA is
roughly 28 Å, which is nearly the same as observed in the
A-type helix. The comparable helical repeat of the BPMV
nucleotide to the A-type RNA in the presence of the sharper
turns between nucleotides is attributed to an overall bend in
the BPMV RNA molecule (Figs. 1C and 2), in which it is
stretched at the phosphate backbone and compressed at the
stacking side of the bases.
The helical stacked single-stranded RNA is a unique
feature among the known nucleic acid structures. The base
stacking seems to reinforce the unique RNA conformation,
which is likely to contribute to the specificity, reduce the
exposure of the hydrophobic parts of the structure, and favor
the packaging of single-stranded RNA in the viral interior.
The quality of the electron density for the RNA was
comparable to the density for protein. The average temper-
ature factors for the bases though are about 45 compared
with the averaged protein B factors of about 18. Five more
nucleotides (NA1 to NA5) were added to the model with
reduced confidence due to the lower height of the electron
density. With the exception of NA1, however, the fit is
ambiguous. Including these less defined ribonucleotides, it
closes an RNA trefoil ring around the three-fold particle
axes, each consisting of 33 ribonucleotides (Fig 4). As
viewed from outside the particle, the polarity of the chain
goes from 5 to 3 in a clockwise direction. This cluster may
represent loops in the RNA secondary structure that recog-
nize threefold protein sites in the assembling virus. The
detailed image of the RNA molecule entering and leaving
the trefoils and the connections between trefoils are not
observed because they do not obey icosahedral symmetry.
These end effects (entering and leaving the trefoils) give
rise to the weaker RNA density in the connecting regions
because at most, only two of the three regions averaged are
actually occupied in any given trefoil. The total RNA mod-
eled accounts for roughly 660 ribonucleotides for the entire
particle, which is about 20% of the packaged RNA.
There are 191 water molecules in the M component. In
comparison, 151 water molecules are found in T compo-
nent, which does not contained RNA. The overall water
structures though are similar in the two components. Many
of the additional water molecules are associated with the
ordered RNA in the M component.
Nucleic acid structure of B component
The initial phases for the structural determination were
calculated only from the protein portion of the M compo-
nent. The electron density resulting from phase refinement
by real space averaging shows not only the protein structure,
but ordered RNA as well. Except for subtle differences, the
RNA structure of the B component is virtually identical to
the M component, despite the larger and different RNA
content. The similarity in the bound RNA segment suggests
that RNA1 and RNA2 share similar RNA packaging sig-
nals. The water structure of B component is also basically
the same as the M component.
Structure of T component and elements affecting the
binding of RNA
Empty BPMV capsids provide a novel feature for the
study of protein RNA interactions in this system. Since the
empty capsid crystallizes isomorphously with the nucleo-
protein components of BPMV, the structures can be com-
pared with difference Fourier analysis. The (Fmid 
Fempty)ei(mid) map shows that a significant change occurred
in the capsid protein when it interacts with RNA. The
density in the difference map corresponds to the ordered
RNA and the N-terminus of the L subunit of the C domain
(Fig. 5). This is the only nonmodular element in the subunit
interactions (Fig. 1C). This portion extends toward the
neighboring B domain to reach the cleft and form interac-
tions with the bound RNA and protein in the twofold-related
C2 domain. The ordered RNA therefore interacts directly
with the twofold-related N-terminus of the L subunit from
C2 domain. To investigate the conformation of this peptide
in the empty particle, the atomic model without the N-
terminus of L subunit was used for calculating the initial
phases for phase refinement. Electron density at a much
lower contour was observed for the peptide, suggesting that
some peptides still adopt the conformation as found in M
and B components but most do not conform to the capsid
symmetry.
Previously it was demonstrated that the nucleoprotein
complexes of Comovirus capsids were more stable than
empty capsids (Da Poian et al., 1994, 2002). It was also
shown that T  3 virus capsids in which the N-terminal
arms invade twofold-related subunits (e.g., rice yellow mot-
tle virus) are more stable than particles in which these arms
fold back into the same subunit (e.g., SCPMV) (Qu et al.,
2000). It seems clear that ordering of the N-terminus of the
C domain through the protein–RNA interaction in the for-
mation of the only nonmodular interaction between the
subunits contributes to the stability of BPMV structure.
Mode of encapsidation of RNA
The RNA segments binding to the capsid are likely to be
discontinuous in the RNA molecule. With a defined nucle-
otide sequence, it is possible that these nucleotides interact
with the capsid with specificity and serve as the signals for
RNA packaging. The existence of an empty capsid demon-
strates that the subunits can assemble without RNA and,
unlike some T  3 viruses (e.g., some insect viruses) (Fisher
and Johnson, 1993; Tang et al., 2001), the nucleic acid does
not play an essential role in the assembly process. The RNA
genome depends on signals to make it the packaging target.
A working hypothesis, under further investigation, proposes
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that RNA, free of ribosomes, folds with signals loosely
conforming to icosahedral symmetry and that the RNA
attracts the capsid proteins to assemble around it (Fig. 6).
There are many sequences of APuPyPyPy in BPMV ge-
nome. There are 64 AAPyPyPy and 43 AGPyPyPy in
RNA1 (Di et al., 1999) and there are 55 AAPyPyPy and 23
AGPyPyPy in RNA2 (MacFarlane et al., 1991). These se-
quences are dispersed throughout the genome, although no
regular pattern or spacing has been identified.
Binding of RNA introduces nonmodular interactions be-
tween icosahedral asymmetric units as the RNA molecule
threads through the domains (Fig. 6B). Moreover, the nu-
cleotides binding in the pockets between C and B5 domains
establishes interactions between protein subunits with the
N-terminus of the C2 domain, which in turn induces addi-
tional nonmodular interactions and leads to the strengthen-
ing of the virus capsid.
Materials and methods
Virus purification, crystallization, and structural
determination
The virus purification, crystallization, and structural de-
termination were described for the M component (Chen et
al., 1989). The similar procedures were used for the T and
B components and their structure determination is described
here.
Due to historical reasons, photographic film data were
collected from the orthorhombic crystal at the Cornell High-
Energy Synchrotron Source with a wavelength of 1.566 Å
and the space groups were assigned as P22121 (a  311.2,
b  284.2, c  350.5 Å). The data from A/B pairs were
scaled and postrefined (Rossmann et al., 1979). The unit cell
of BPMV crystals contained two particles, requiring one of
the viral twofold axes to coincide with the lattice twofold
axis a. Rotation functions (Tong and Rossmann, 1990,
1997) showed that the virus icosahedral twofold axis per-
pendicular to a was rotated 8.4° from directional coinci-
dence with the b and c twofold screw axes of the crystal
lattice. Packing considerations indicated that the only posi-
tion for the virus center along the a axis that allowed
reasonable interparticle contact distances was near x  1/4.
The particle location was refined by a search of the mini-
mum R factor with structure factors calculated with the
refined M structure. The particle locations were found to be
the same as in M component. The structures were deter-
mined by a phase refinement package, RAVE (Kleywegt
and Jones, 1994), with initial phases calculated from the
model of M component without the RNA. The correlation
coefficients in the final cycle of the refinement were 88.9%
for T component and 90.4% for B component, respectively.
The models were built using the program O (Jones et al.,
1991; Jones and Kjeldgaard, 1997). Six nucleotides similar
to those in M component were modeled in the B component.
No density for nucleotides was identified in T component
despite the use of a similar mask as those used for M and B
components. Table 3 shows the statistics in the structure
determinations.
Refinement
The program suite X-plor was used for the refinement
with constraints of noncrystallographic symmetry (Brunger,
1992; Brunger and Rice, 1997). The refinement started with
the M component. A round of simulated annealing and
many cycles of positional refinements were executed. How-
ever, the R factor remained high (29%) with residues in the
disallowed regions on the Ramachandran plot. The model
was manually modified and two proline residues (Pro1114
and Pro1154) were changed to cis configuration. Multiple
rounds of positional refinement were again executed and the
R factor decreased to 25.7%. Water molecules were added
Fig. 6. A proposed mode for the RNA encapsidation. (A1) The encapsi-
dation signals are distributed throughout the genome. (2–3) For encapsi-
dation, the RNA would partially fold with interacting segments compatible
with the icosahedral capsid. (4–8) The capsid proteins assemble around the
RNA by recognition of the specific segment to form virus particles. Based
on the intermediates found in Poliovirus (Watanabe et al., 1965), pentam-
eric capsid proteins are suggested to be the assembly unit. For clarity, only
the icosahedral surface lattice and RNA in the front are schematically
shown in an assembled virus particle in 8. (B) Opening of the capsid
showing a thread of the RNA through the capsid that is consistent with the
encapsidation model.
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and the model was further refined with positional refinement
(R  22.8%). The overall B factor was refined (R 
20.99%), followed by individual B factors (R  19.6%).
The final model contained 191 water molecules and there
are no outliers in the Ramachandran plot in the final model.
The structure of M component without the RNA and
water molecules was the starting model for the refinement
of B component. The R factor was 26.4% after convergence
of the positional refinement. Six nucleotides and 202 water
molecules were modeled and the R factor was 22.8% after
the positional refinement. Water molecules with high tem-
perature factors and unreasonable distances to the interact-
ing atoms were rejected after overall B and individual B
refinements. The final model for the B component contained
188 water molecules with an R factor of 19.6%.
The structure of M component without the RNA and
water molecules was also used as the starting model for the
refinement of T component. After the initial positional re-
finement, the R factor was 26.3%. The first 19 residues of
the L subunit were deleted based on the density and the R
factor was 25.9% after further positional refinement. One
hundred fifty-one water molecules were modeled and the
final R factor was 21.2% after the refinement of B factors.
The statistics for the refinements are listed in Table 3.
Difference Fourier synthesis
The difference maps between M and T components
were calculated with Fourier coefficients of (Fmid 
Fempty)e1ave. The resulted maps were then averaged
once.
Coordinates
The refined coordinates of M and T components are
deposited in the Protein Data Bank. The accession codes are
1PGL and 1PGW.
Acknowledgments
The authors acknowledge the support of National Insti-
tutes of Health (R01-GM34220) and Office of Naval Re-
search (N00014-00-1-0671).
References
Brunger, A.T., 1992. X-PLOR Version 3.1. A system for X-ray crystal-
lography and NMR. Yale University Press, New Haven, CT.
Brunger, A.T., Krukowski, A., Erickson, J.W., 1990. Slow-cooling proto-
cols for crystallographic refinement by simulating annealing. Acta
Crystallogr. A 46, 585–593.
Brunger, A.T., Rice, L.M., 1997. Crystallographic refinement by simulated
annealing: methods and applications. Methods Enzymol. 277, 243–269.
Chen, Z., Stauffacher, C., Li, Y., Schmidt, T., Bomu, W., Kamer, G.,
Shanks, M., Lomonossoff, G., Johnson, J.E., 1989. Protein-RNA in-
teractions in an icosahedral virus at 3.0Å resolution. Science 245,
154–159.
Da Poian, A.T., Johnson, J.E., Silva, J.L., 1994. Differences in pressure
stability of the three components of Cowpea mosaic virus: implications
for virus assembly and disassembly. Biochemitry 33, 8339–8346.
Da Poian, A.T., Johnson, J.E., Silva, J.L., 2002. Protein-DNA interactions
and virus stability as probed by the dynamics of tryptophan side chains.
J. Biol. Chem. 49, 47596–47602.
Di, R., Hu, C.C., Ghabrial, S.A., 1999. Complete nucleotide sequence of
bean pod mottle virus RNA1: sequence comparisons and evolutionary
relationship to other comoviruses. Virus Genes 18, 129–137.
Esnouf, R.M., 1997. An extensively modified version of Molscript that
includes greatly enhanced coloring capacities. J. Mol. Graph. 15, 132–
134.
Fisher, A.J., Johnson, J.E., 1993. Ordered duplex RNA controls capsid
architecture in an icosahedral animal virus. Nature 361, 176–179.
Jones, T.A., Kjeldgaard, M., 1997. Electron density map interpretation.
Methods Enzymol. 277, 173–208.
Jones, T.A., Zou, J.Y., Cowan, S.W., Kjeldgaard, M., 1991. Improved
methods for building protein models in electron density maps and the
location of errors in these models. Acta Crystallogr. A 47, 110–119.
Kleywegt, G.J., Jones, T.A., 1994. Halloween . . . masks and bones, in:
Bailey, S., Hubbard, R., Waller, D. (Eds.), Proceedings of the CCP4
study weekend: from first map to final model. Science and Engineering
Research Council, Daresbury Laboratory, Daresbury, UK, pp. 56–66.
Kraulis, P.J., 1991. MOLSCRIPT: a program to produce both detailed and
schematic plots of protein structures. J. App. Crystallogr. 24, 946–950.
Kridl, J.C., Bruening, G., 1983. Comparison of capsids and nucleocapsids
from cowpea mosaic virus-infected cowpea protoplasts and seedlings.
Virology 129, 369–380.
Table 3
Statistics in data processing and refinement
Component B M T
Data processing
Resolution (Å) 30 to 2.9 30 to 2.8 30 to 2.9
Unique reflections 383,996 577,995 315,015
Completeness (%) 56.6 76.7 46.4
Rmerg* (%) 9.3 9.6 9.9
Refinement of M component
Resolution 10 to 2.8 Å 10 to 2.8 Å 10 to 2.9 Å
Reflections (I/  2) 373,969 562,649 306,813
Completeness (%) 50.8 76.4 46.4
R factor** (%) 19.6 19.6 21.2
rms deviations of the refined structure
Bond length (Å) 0.019 0.019 0.017
Bond angles (°) 1.97 1.81 1.85
Dihedral angles (°) 28.42 28.04 27.55
Improper angles (°) 1.72 1.44 1.57
* Rmerg is defined as

hkl

j1
N
Ihkl  Ihkl j/
hkl
Nxlhkl.
** R factor is defined as

hkl
Fobs  kFcalc/
hkl
Fobs.
32 T. Lin et al. / Virology 314 (2003) 26–33
Lawson, C.L., Carey, J., 1993. Tandem binding in crystals of a trp repres-
sor/operator half-site complex. Nature 366, 178–182.
Lin, T., Chen, Z., Usha, R., Stauffacher, C.V., Dai, J.-B., Schmidt, T.,
Johnson, J.E., 1999. The refined crystal structure of Cowpea mosaic
virus at 2.8Å resolution. Virology 265, 20–34.
Lin, T., Clark, A.J., Chen, Z., Shanks, M., Dai, J.-B., Li, Y., Schmidt, T.,
Oxelfelt, P., Lomonossoff, G.P., Johnson, J.E., 2000. Structural finger-
printing: subgrouping of Comoviruses by structural studies of Red
clover mottle virus to 2.4Å resolution and comparison with other
Comoviruses. J. Virol. 74, 493–504.
Lomonossoff, G.P., Johnson, J.E., 1991. The synthesis and structure of
comovirus capsids. Prog. Biophys. Mol. Biol. 55, 107–137.
MacFarlane, S.A., Shanks, M., Davies, J.W., Zlotnick, A., Lomonossoff,
G.P., 1991. Analysis of the nucleotide sequence of bean pod mottle
virus middle component RNA. Virology 183, 405–409.
Merritt, E.A., Bacon, D.J., 1997. Raster3D photorealistic molecular graph-
ics. Methods Enzymol. 277, 505–524.
Otwinowski, Z., Schevitz, R.W., Zhang, R.-G., Lawson, C.L., Joachimiak,
A., Marmorstein, R.Q., Luisi, B.F., Sigler, P.B., 1988. Crystal structure
of trp repressor/operator complex at atomic resolution. Nature 335,
321–329.
Qu, C., Liljas, L., Opalka, N., Brugidou, C., Yeager, M., Beachy, R.N.,
Fauquet, C., Johnson, J.E., Lin, T., 2000. 3D domain swapping mod-
ulates the stability of a group of icosahedral viruses. Struct. Folding
Design 8, 1095–1103.
Rossmann, M.G., Johnson, J.E., 1989. Icosahedral RNA virus structure.
Ann. Rev. Biochem. 58, 533–573.
Rossmann, M.G., Leslie, A.G.W., Abdel-Meguid, S.S., Tsukihara, T.,
1979. Processing and post-refinement of oscillation camera data.
J. Appl. Crystallogr. 12, 570–581.
Schumacher, M.A., Glasfeld, A., Zalkin, H., Brennan, R.G., 1997. The
X-ray structure of the PurR-Guanine-purF operator complex reveals
the contribution of complementary electrostatic surfaces and a water-
mediated hydrogen bond to corepressor specificity and binding affinity.
J. Biol. Chem. 272, 22648–22653.
Tang, L., Johnson, K.N., Ball, L.A., Lin, T., Yeager, M., Johnson, J.E.,
2001. The structure of Pariacoto virus reveals a dodecahedral cage of
duplex RNA. Nat. Struct. Biol 8, 77–83.
Tate, J.G., Liljas, L., Scotti, P., Christian, P., Lin, T., Johnson, J.E., 1999.
The crystal structure of cricket paralysis virus provides the first view of
a new virus family. Nat. Struct. Biol. 6, 765–774.
Tong, L., Rossmann, M.G., 1990. The locked rotation function. Acta
Crystallogr. A 46, 783–792.
Tong, L., Rossmann, M.G., 1997. Rotation function calculation with GLRF
program. Methods Enzymol. 276, 594–611.
Valegard, K., Murray, J.B., Stockley, P.G., Stonehouse, N.J., Liljas, L.,
1994. Crystal structure of an RNA bacteriophage coat protein-operator
complex. Nature 371, 623–626.
Watanabe, Y., Watanabe, K., Katagiri, K., Hinuma, Y., 1965. Virus-
specific proteins produced in HeLa cells infected with poliovirus:
characterization of a subunit-like protein. J. Biochem. 57, 733–741.
Youderian, P., Arvidson, D.N., 1994. Direct recognition of the trp operator
by the trp holorepressor—a review. Gene 150, 1–8.
Zhang, H., Zhao, D., Revington, M., Lee, W., Jia, X., Arrowsmith, C.,
Jardeszky, O., 1994. The solution structures of the trp repressor-
operator DNA complex. J. Mol. Biol. 238, 592–614.
33T. Lin et al. / Virology 314 (2003) 26–33
